In mapping populations segregating for many loci, the large amount of variation among genotypes often masks small-effect quantitative trait loci (QTL). This problem can be reduced by development of populations with fewer chromosome segments segregating. Here, we report early QTL detection in reciprocal advanced backcross populations from crosses between elite Gossypium hirsutum L. 'Acala Maxxa' (GH) and G. barbadense L. 'Pima S6' (GB). A total of 297 BC 4 F 1 and BC 4 F 2 progeny rows-127 segregating for GB chromosome segments in GH background and 170 segregating for GH chromosome segments in GB background-were evaluated in three environments. Totals of 3186 and 3026 polymorphic single-nucleotide polymorphisms (SNPs) in GH and GB backgrounds, respectively, were identified and used for trait mapping. Small-effect QTL (<10% variance explained) made up 87 and 100% of QTL in GH and GB backgrounds, respectively. In both species, favorable alleles were found with effects being masked or neutralized by unfavorable alleles, with greater scope for improvement of GH than GB by introgressive breeding. A total of three stable QTL-two in GH background for fiber elongation (ELO) and micronaire (MIC) and one in GB background for upper-half mean length (UHM)-were identified in two out of three environments. Curiously, only four QTL-three for UHM and one for ELO-showed the expected opposite effects in reciprocal backgrounds, perhaps reflecting the combined consequences of epistasis, small phenotypic effects, and low coverage of some genomic regions. Along with new information for marker-assisted breeding, this study adds to knowledge that can be used to unravel complex genetic networks governing fiber quality traits.
C
otton is one of the most economically important cash crops and the leading textile fiber crop. An estimated 4 million ha in the United States was planted to cotton in 2016 (USDA-National Agricultural Statistics Service, 2016) . The United States is the leading exporter (~2 Tg) of cotton and the total annual revenue generated by cotton-related industries-from farming to textiles-is estimated at $120 billion (USDA-Foreign Agricultural Service, 2016) . Cotton belongs to the genus Gossypium and >50 species are recognized, of which >45 are diploid (2n = 26) and seven are allotetraploid (2n = 4x = 52). The common progenitor of these allotetraploid species was formed by hybridization of species resembling the Old World cotton, G. herbaceum L. (A genome), and the wild New World species, G. raimondii Ulbr. (D genome), ~1 to 2 million yr ago (Wendel and Grover, 2015) . A total of four species are cultivated: two diploids of Asian-African origin, G. arboreum L. and G. herbaceum, and two allotetraploids of American origin, G. hirsutum and G. barbadense L. (Wendel et al., 1989) . In the United States, the two tetraploids account for virtually all cotton production, the overwhelming majority being G. hirsutum (98%). Gossypium hirsutum, also known as Upland cotton, is high yielding with good quality fiber; while G. barbadense, also known as Pima cotton, has premium fiber quality but lower yield.
Numerous introgressive breeding programs have been performed over the past 70 yr to try to improve fiber quality and yield by interspecific hybridization in cotton . Molecular tagging of genomic regions harboring genes responsible for phenotypic differences (QTL) in hybrid populations between GH and GB has been practiced for two decades. Since the first QTL mapping study in a GH × GB F 2 population (Jiang et al., 1998) , many more studies reported QTL for fiber quality traits in doubled haploid (Zhang et al., 2002) , recombinant inbred (Park et al., 2005) , backcross (Lacape et al., 2005) , BC 3 F 2 (Chee et al., 2005a) , F 2:3 (He et al., 2007) , chromosomal segment substitution line (Wang et al., 2012) , and backcross inbred line (Yu et al., 2013b) populations. Although wild allotetraploids, such as G. tomentosum Nutt. ex Seem. and G. mustelinum Miers ex G. Watt, have rich diversity and beneficial alleles that remain to be explored (Wang et al., 2016; Zhang et al., 2011) , the problem of linkage drag and reduced tolerance for homozygous wild alleles make the task of generating adequate mapping populations difficult (Chandnani et al., 2017; Waghmare et al., 2016) .
Elite cultivars of GH and GB have some history of hybridization, which improves their compatibility in interspecific mapping populations. More than 1000 cotton fiber quality QTL have been published, but their use in marker-assisted breeding for cotton improvement has been limited (Said et al., 2015) . One possible reason for limited use of these QTL is their variable effects and low precision in map location. Effects of mapped QTL are often over-or underestimated in the presence of additional segments segregating in the background. Only a few studies have reduced background noise by backcrossing up to four or more generations (Wang et al., 2012) . Since the first report of DNA marker-based genetic mapping in cotton by Reinisch et al. (1994) , DNA markers and their density in QTL mapping has increased dramatically. The advent of next-generation sequencing technology and availability of a cotton tetraploid reference genome provide a platform to attain a sufficient number of SNPs to cover the whole cotton genome for QTL mapping.
Here we report the development of reciprocal advanced backcross populations between elite GH Acala Maxxa and GB Pima S6 and study QTL for fiber quality traits. The reciprocal nature of our experimental population provides a platform to investigate both common and background specific QTL. Further, advanced backcross populations facilitate better estimation of QTL effects and enable the detection of small-effect QTL by reducing background noise. A high density of SNP loci (>3000) in both populations provides tightly linked markers for virtually all of the genome. These reciprocal populations can be used as a foundation to develop superior fiber quality cultivars in both species backgrounds as well as to dissect the molecular basis of QTL.
Material and Methods

Plant Material and Phenotypic Evaluation
Reciprocal F 1 hybrids were derived from crosses between Acala Maxxa (G. hirsutum) and Pima S6 (G. barbadense). The F 1 hybrids were backcrossed to Acala Maxxa and Pima S6, respectively, to make reciprocal BC 1 populations with subsequent repeated independent backcrossing to recurrent parents to develop BC 2 , BC 3 , and eventually reciprocal BC 4 F 1 populations in both backgrounds. A total of 297 BC 4 F 1 individuals-127 in GH and 170 in GB background-were planted in Watkinsville, GA, in 2012. In 2013, BC 4 F 2 progeny rows were planted in completely randomized designs in both Watkinsville and Tifton, GA. Ten seeds were planted in each BC 4 F 2 progeny row plot. Parental checks (Acala Maxxa and Pima S6) were replicated six times in all three environments. A total of 20 bolls were harvested from each row plot and five fiber qualities-UHM, fiber strength (STR), ELO, MIC, and uniformity index (UI)-were evaluated by high-volume instrument (HVI) measurements (Cotton Incorporated Textile Service Laboratory, NC). Fiber samples were harvested randomly from the middle of the fruiting zone throughout the entire plot to represent genotypes appropriately. Phenotypic distributions and descriptive analysis of fiber quality traits was performed by JMP software version 12 (SAS Institute, 2016).
Illumina Library Preparation and Sequencing
DNA was extracted from the parents and 297 BC 4 F 1 plants using a scaled-down version of the protocol described by Paterson et al. (1993) . Genotyping-by-sequencing (GBS) libraries were constructed according to Andolfatto et al. (2011) with slight modifications. First, 20 ng of DNA from each line was double digested with HinP1I and HaeIII (NEB) in CutSmart buffer (NEB) at 37°C for 3 h. The digested DNA fragments were ligated to two kinds of adaptors using T4 DNA ligase (NEB) in T4 ligase buffer. Adapters (5 μM final conc.) were prepared by combining 1 mL (1 nmol mL −1 ) of FC1 and FC2 in 198 mL of reassociation buffer, briefly heating the mixture to 95°C, then allowing them to anneal overnight at room temperature. The design of library linkers followed the standard Illumina adaptor design for single read libraries (http:// www.illumina.com) except that three bases were removed from the 3´ end of the FC2 oligonucleotide and replaced with a six-base bar code (ACACTCTTTCCCTACAC-GACGCTCTTCCGANNNNNN, where n = a barcode base). The DNA samples were then pooled together and separated on a 2% agarose gel, and DNA fragments of 280 to 300 bp (including adaptors) were purified using a QIAquick Gel Extraction Kit (Qiagen). The selected DNA fragments were amplified by polymerase chain reaction using Promega GoTaq master mix and a thermal profile of 98°C for 30 sec, 98°C for 10 sec, and 60°C for 30 sec for 16 cycles. The amplified products were purified using Agencourt AMPure XP beads (Beckman Coulter) and quantified on a Qubit fluorimeter (Invitrogen). Single-end sequencing of the purified DNA fragments for 150 cycles was performed by an Illumina Miseq (Illumina) in accordance with the manufacturer's recommendations.
Preprocessing of Raw Illumina Reads and Generation of Hap Maps
Since this population is biparental, multiple barcodes were tagged to parental samples to increase DNA sequence coverage of the parents. In the preprocessing step, DNA sequence reads for the same parent are combined in silico. We used only 96 barcodes in library construction, resulting in multiple 96-plex sequencing libraries. Raw reads with N in the first six bases or with no barcode sequences were removed. The cotton tetraploid GH (TM-1) genome sequence was used as reference genome for TASSEL-GBS . To minimize sequencing errors, only the first 64 base pairs were used to map reads to the reference genome, using the Burrows-Wheeler Alignment tool (Li and Durbin, 2009 ) to align the reads. The DiscoverySNPCallerPlugin in TAS-SEL was used to call genotypes and generate a SNP hapmap. To minimize error as a result of missing data, Fast Inbred Line Library ImputatioN (FILLIN) imputation pipeline (also in TASSEL) was used (Swarts et al., 2014) .
Marker-Trait Associations
The advanced backcross genetic architecture and expected 15:1 segregation ratios in our population precluded de novo construction of a robust genetic map. Hence, we used a physical reference map for marker-trait associations. A total of 3186 SNPs in GH background and 3026 SNPs in GB background were used for marker-trait association. Analysis of variance was used to evaluate marker-trait associations, then stepwise regression was performed with significantly associated markers in ANOVA and p-values were corrected to control false discovery rates (FDRs) by the Benjamini-Hochberg approach (Benjamini and Hochberg, 1995) . Markers with FDR-adjusted p-value < 0.01 were declared to be in significant association with traits (QTL). JMP SAS software was used for ANOVA and stepwise regression with the minimum AICc criteria used to choose best models, that is, with the highest variation explained.
Comparison of Quantitative Trait Loci with Previous Reports
To compare the specific genomic regions of QTL found in this study with previous reports, BLAST (Altschul et al., 1990 ) was used to locate the sequences of genetic markers flanking the QTL in a TM-1 genome sequence . The top hits were marked as physical positions of those genetic markers, which facilitated the comparison of QTL positions.
Identification of Genes in Quantitative Trait Loci Surroundings
The TM-1 genome in JBrowse (COTTONGEN) was screened for GH gene IDs within 50-kb intervals on both sides of SNPs associated with QTL. Putative functional information of these genes was obtained from the NBI_TM-1 annotation file from COTTONGEN (ftp://ftp.bioinfo.wsu.edu/species/Gossypium_hirsutum/ NAU-NBI_G.hirsutum_AD1genome/functional/) results
Genotyping-By-Sequencing and SingleNucleotide Polymorphism Identification
Initially, a total of ~167 million reads were generated for the whole population and after preprocessing steps (see Methods section) and ~154 million reads were input to the TASSEL 4.0 GBS reference-based pipeline (Glaubitz et al., 2014) . Sequence depth for parents was 1.97 (GH) and 2.32 (GB) million, and average read depth of individual BC4F1 was 0.41 million. In the TASSEL 4 GBS pipeline, minimum read coverage was set to five to call a SNP. After initial SNP discovery, SNP filtering was performed using minimum minor allele frequency (mnMAF) of 0.01 and minimum site coverage (mnScov) of 0.2. A total of 38,092 SNPs were identified, among which, 9571 were polymorphic. Only polymorphic SNP markers with <25% missing data were used for genotyping, with a total of 3186 SNPs meeting these criteria in GH background and 3026 in GB background.
Phenotype Distribution
All the fiber quality traits exhibited continuous variation and approximately normal distributions. Significant differences (p < 0.05) were observed between parental phenotypes for all traits except UI in at least two of three environments (Supplemental Table S1 ). Transgressive segregation (individuals with phenotypes more extreme than the parents) was prevalent for all fiber quality traits in both backgrounds. There was significant (p < 0.01) enrichment of negative transgressive segregants (86%) in GH background and positive transgressive segregants (79%) in GB background. For UHM, STR, and ELO, the percentage of transgressive segregants was lower in GH than GB background and vice versa for MIC and UI.
Overview of Quantitative Trait Loci Identified
In total, we identified 53 QTL resulting from GB chromosome segments introgressed into GH background. Phenotypic variation explained by these QTL ranged from 2 to 13% (Table 1) . Only seven of the 53 QTL were of large effect, explaining >10% of phenotypic variation across all traits. The highest number of QTL (15) was identified for UHM and lowest for UI (five). Two chromosomes, A08 and D02, were QTL rich, with more than four QTL for different traits identified on these chromosomes (Table 2) . Comparatively higher numbers of QTL were located on the Dt subgenome (31) than the At subgenome (22) in agreement with previous studies (Table 3 ) (Jiang et al., 1998; Rong et al., 2007; Yu et al., 2013b) . The GB alleles conferred improved fiber quality at 34 QTL (consistent with the parental phenotypes) and reduced fiber quality at the remaining 19 loci.
For GH chromosome segments introgressed into GB background, we identified a total of 50 QTL (Table 4) , all of small effect and explaining 1 to 9% of phenotypic variation (Table 5) . We identified the highest numbers of QTL (15) for both UHM and STR and the lowest numbers (seven) for UI and MIC. The GH alleles reduced fiber quality at 34 QTL (consistent with the parental phenotypes) and increased fiber quality at the remaining 16 loci. There was only a nominal difference in the subgenomic affinities of QTL: 23 in the At and 27 in the Dt subgenome (Table 3) . 
Quantitative Trait Loci Identified for Individual Traits
Fiber Elongation
For GB chromosome segments introgressed into GH background, 14 QTL were identified on 13 chromosomes, eight on At, and six on Dt subgenome chromosomes ( Fig. 1 ; Table 1 ). Favorable alleles for 11 of the 14 QTL were from GB, explaining phenotypic variation ranging from 2.2 to 12.9%. For GH chromosome segments introgressed into GB background, 10 QTL were identified on 10 chromosomes (six At, four Dt) ( Fig. 2; Table 4 ), explaining 1.8 to 7% of phenotypic variance individually. At six of 10 QTL, favorable alleles were from GH.
Micronaire
A total of seven QTL were identified for GB chromosome segments introgressed into GH background located on seven chromosomes ( Fig. 1; Table 1 ). Phenotypic variation explained ranged from 5.8 to 10.4%, with six of the seven QTL having small effects. Favorable alleles for four of the seven QTL originated from GB. Five of the seven QTL were on Dt subgenome chromosomes (D02, D03, D05, D08, and D09) and two on At chromosomes (A06 and A10). For GH chromosome segments introgressed into GB background, a total of seven QTL were also identified on seven chromosomes, explaining 1.5 to 6.2% of phenotypic variation ( Fig. 2; Table 4 ). Consistent with the parental phenotypes, only two of the seven GH alleles conferred favorable MIC. Five of the seven QTL were on At subgenome chromosomes (A02, A03, A07, A12, and A13) and two on Dt chromosomes (D01 and D06).
Upper-Half Mean Length
For GB chromosome segments introgressed into GH background, 15 QTL were identified on a total of 10 chromosomes ( Fig. 1; Table 1 ). The range of phenotypic variation explained varied from 3.1 to 12% with three large-effect QTL identified on chromosomes A02, A13, and D05. At 10 of 15 QTL, favorable alleles originated from GB; the five QTL with favorable GH alleles were all on different chromosomes than those with favorable GB alleles ( Table 1) . Seven of the 15 QTL were identified on At subgenome chromosomes (A02, A03, A07, A08, and A13) and eight on Dt chromosomes (D01, D02, D05, D08, and D12). For GH chromosome segments introgressed into GB background, we identified a total of 12 QTL on eight chromosomes ( Fig. 2 ; Table 4 ), all of small effect, explaining 2 to 9.2% of phenotypic variation. As expected, based on the parental phenotypes, most of the GH alleles reduced fiber length with only two exceptions: Four of the 12 QTL were located on At subgenome chromosomes (A03 and A09) and the remaining eight were on Dt subgenome chromosomes (D05, D06, D08, D11, D12, and D13).
Fiber Strength
For GB chromosome segments introgressed into GH background, a total of 11 QTL were located on eight chromosomes ( Fig. 1; Table 1 ). A range of 3.5 to 12% of phenotypic variation was explained, and favorable alleles originated from GB at six of the 11 QTL. We identified only one large-effect QTL (phenotypic variation [PV] = 12%), located on chromosome D02. Four of 11 QTL were on At subgenome chromosomes (A01, A08, A11, and A12) while seven were on Dt chromosomes (D01, D02, D06, and D09). For GH chromosome segments introgressed into GB background, we identified a total of 13 QTL on 10 chromosomes, explaining 1 to 6.2% of phenotypic variation ( Fig. 2 ; Table 4 ). Only five of 13 introgressed GH alleles were favorable. Four of 13 QTL were located on At subgenome chromosomes (A01, A03, A07, and A12) and nine on Dt chromosomes (D01, D02 D03, D09, D12, and D13).
Uniformity Index
For GB chromosome segments introgressed into GH background, a total of five QTL were identified on four chromosomes ( Fig. 1 ; Table 1 ), all with small effects, explaining 6.4 to 8% of phenotypic variation. Only two introgressed GB alleles had favorable effects, located on chromosomes D02 and D13. For GH chromosome segments introgressed into GB background, we identified seven QTL on six chromosomes ( Fig. 2 ; Table 4 ), all with small-effect QTL (2.5-5.9% PV) and with the GH allele conferring the favorable effect for only one QTL on chromosome D08.
Stable Quantitative Trait Loci Identified in Multiple Environments
The QTL identified within a 2-cM (~1.5 Mb) interval and with the same direction of effect were tentatively considered the same QTL. Since we used a physical map , we interpreted the length in centimorgans (cM) by comparing consensus genetic map length (Blenda et al., 2012) of individual chromosomes to physical length of chromosomes where QTL are located. Although we understand that physical distance-to-cM ratio is not constant across entire chromosomes, this assumption was made to define the average length of a physical region that is comparable to cM, in the absence of a genetic map. The QTL that were detected in at least two out of the three study environments were considered stable. For GB chromosome segments introgressed into GH background, two stable QTL were identified (one for ELO and one for MIC) located on chromosomes A12 and D02, respectively (Table 1) . For both QTL, introgressed GB alleles showed favorable effects, improving ELO and MIC. For GH chromosome segments introgressed into GB background, only one stable QTL was identified for the trait UHM on chromosome A03 (Table 4) . Two out of these three stable QTL, one for MIC in GH background and one for UHM in GB background, were discerned based on only single SNPs.
Quantitative Trait Loci Clustering and Quantitative Trait Loci Associated with Two Traits
In agreement with previous reports, we observed nonrandom distribution of fiber quality QTL throughout the cotton genome. Genomic regions that harbor more than two QTL for different traits within 20 cM were considered QTL clusters. For GB chromosome segments introgressed into GH background, a total of five clusters were observed on four chromosomes (A08, A12, D02, and D09: Table 6 ). Cluster CQTLA08.1 contained a total of three QTL: one each for UHM, STR, and UI. On chromosome A12, three QTL for STR and ELO represented a cluster, CQTLA12.1. Cluster CQTLD02.1 included a total of four QTL: two for UHM and one each for MIC and STR. A second cluster on chromosome D02, CQTLD02.2, had two QTL: one each for UHM and UI.
Both clusters on chromosome D02 had favorable alleles originating from GB. The QTL cluster CQTLD09.1 on chromosome D09 had two QTL: one each for MIC and STR and both with favorable GB alleles. For GH chromosome segments introgressed into GB background, eight QTL clusters were observed on seven chromosomes (A03 [2] , A07, A12, D01, D10, D12, and D13: Table 6 ). Cluster CQTLA03.1 had three QTL, one each for UI, UHM, and ELO; and cluster CQTLA03.2 had one QTL each for MIC, UI, and STR. In both clusters, one of three QTL had favorable GH alleles. Cluster CQTLA07.1 had two QTL, one each for MIC and STR, both with favorable GH alleles. A total of four QTL, one each for STR, UI, MIC, and ELO, were in cluster CQTLA12.1 and three of four QTL had favorable alleles from GB. Clusters on chromosomes D01, D10, and D12 had two QTL each, and every cluster had at least one of two QTL with favorable GB alleles. Cluster CQTLD13.1 had a total of four QTL, two for UHM and one each for UI and STR, all with favorable alleles from GB.
In a few cases, single SNPs were associated with QTL controlling multiple traits. For GB chromosome segments introgressed into GH background, two single SNPs were each associated with multiple traits. On chromosome A12, a single SNP detected STR and ELO QTL, with the favorable ELO allele from GB and STR allele from GH. On chromosome D01, a single SNP detected STR and UHM QTL, both with favorable alleles from GH. For GH chromosome segments introgressed into GB background, single SNPs on chromosomes D06 and D13 were each associated with UHM and UI, each with favorable alleles from GB. At this stage, we cannot tell if these multiple traits associated with single SNPs represent single pleiotropic QTL or multiple QTL in the same region. 
Common Quantitative Trait Loci with Antagonistic Effects
A total of four QTL were identified at corresponding locations (within 15 cM) in both backgrounds and had opposite allele effects in reciprocal backgrounds (Supplemental Table  S3 ). These included three QTL for UHM on chromosomes A03, D05, and D08 and one QTL for ELO on D09. On chromosomes A03 and D05, the introgressed GB allele in GH background was favorable, whereas on chromosome D08, the introgressed GH allele was favorable in GB background for UHM. For the ELO QTL on chromosome D09, the introgressed GH allele was favorable in GB background.
Discussion
Interspecific populations are widely used for molecular dissection of complex fiber quality traits in cotton. The present study adds to the resources and observations available to study complex fiber quality traits reciprocally in two important cotton backgrounds. Gossypium barbadense is a superior parent in the context of fiber quality traits and was expected to contribute the majority of favorable QTL alleles; however, identification of some favorable QTL alleles from lower-quality GH is consistent with reports that an inferior parent can contribute favorable alleles for a trait of interest (Tanksley and Nelson, 1996; Xiao et al., 1998; Zhang et al., 2011) .
One trait, ELO, was curious in that in both GH and GB backgrounds, the preponderance of favorable alleles was from the donor parent. This is consistent with previous reports of only recent selection for ELO (Zhang et al., 2011) , suggesting that even elite germplasm still contains both positive and negative alleles at different loci for this trait.
Effect of Species Background
Identification of similar numbers of total fiber quality QTL in both species backgrounds suggest that similar numbers of genes might control fiber quality traits irrespective of background species. On the other hand, many findings indicate the effect of species background on numbers and phenotypic effects of QTL for individual traits, contributions of subgenomes, and patterns of QTL and clustering.
A perplexing observation is the relatively low frequency at which we identified QTL with opposite phenotypic effects at corresponding locations in the reciprocal genetic backgrounds, a finding that is supported by other such reciprocal genetic studies (Matsubara et al., 2008; McKay et al., 2008) . In principle, one would expect the majority of QTL to show such reciprocity if alternative alleles at a QTL show additive or dominant-recessive effects. Limited correspondence of identified QTL in the two backgrounds could be a result of several factors. We studied coverage of donor alleles by comparing the number of individuals retaining donor alleles at loci identified as QTL and performed chi-squared tests for significant differences in reciprocal backgrounds. We observed that for 14 QTL identified in GH background and five QTL in GB background, the reciprocal background showed significantly low donor allele coverage (p < 0.05), thus some of the expected reciprocal QTL might have escaped detection because of uneven coverage of donor alleles. A second factor may be the small phenotypic effects of most of the identified QTL, increasing the likelihood that one or both members of a reciprocal pair elude detection (Broman, 2001 ). For markers that showed association with traits at p < 0.005 in ANOVA tests, we found seven additional cases of loci within 15 cM of their homeologous location with opposite phenotypic effects in the reciprocal backgrounds, but which did not reach the stringent significance threshold used to protect against false-positive results. Power to detect such reciprocal effects will be greater when we can compare fully homozygous lines. Thus, present data are likely to underestimate the correspondence of QTL in the reciprocal backgrounds.
An intriguing factor that could account for some failures to identify correspondence of QTL in the reciprocal backgrounds is epistasis. Some results of this study strongly suggest epistasis, such as two QTL where the donor alleles increased ELO or decreased STR, respectively, in both backgrounds. Further, a total of 21 QTL in GH background and 23 QTL in GB background were identified at sites where introgression occurred in both directions, but QTL were unique to one background. If fiber quality were partly dependent on interactions between multiple independently segregating loci, then the separation of such loci into different near-isogenic lines would fail to recapitulate their effects. The widespread observation that cotton fiber quality parameters have generally high heritabilities (Fang et al., 2014) suggests a limited role of epistasis, but it could contribute to failures to identify reciprocal QTL with relatively small effects.
While most QTL allele effects were consistent with the phenotypic differences between parental lines, an appreciable number of exceptions showed the opportunity to improve each parental species by introgression from the other. For examples, although GB is superior parent in fiber quality traits, introgressed GH chromosomal segments in GB background, increased UHM at two loci, STR at five loci, ELO at six loci, and UI at one locus throughout the genome. For MIC, in GH background, >60% of QTL were harboring favorable alleles introgressed from GB, whereas in GB background >60% of QTL were harboring unfavorable alleles introgressed from GH. These results further support the existence of favorable effect alleles in both species whose effects are being masked or neutralized by unfavorable alleles.
Colocalization (clustering) of QTL with common allele effects makes marker-assisted selection much more efficient. Clustered QTL for different traits were prevalent and quite variable between the two backgrounds (Table 6) . In GH background, two clusters on chromosome D02 had favorable alleles at all six QTL introgressed from GB (MIC, UHM, UI, and STR) and another on chromosome A08 had unfavorable alleles introgressed from GB for all three QTL (UHM, STR, and UI: Fig. 1 ). Negative selection on chromosome A08 may purge unfavorable alleles whereas positive selection on D02 may enrich favorable alleles for these fiber quality traits. In GB background, only one cluster on chromosome A07 harbored favorable alleles for both QTL introgressed from GH, whereas GH alleles for most QTL in the remaining seven clusters were unfavorable. These results make fiber quality improvement by conventional approaches in GB more challenging than GH because of greater linkage drag for unfavorable alleles in GB.
Subgenomic Contributions to Qualitative Trait Loci
Despite the fact that only the A-genome progenitor of tetraploid cotton produces spinnable fiber, virtually all reports (Jamshed et al., 2016; Jiang et al., 1998; Rong et al., 2007; Yu et al., 2013b) have shown many fiber-quality QTL, often the majority, mapping to the Dt subgenome. For GB chromosome segments introgressed into GH background, the subgenomic affinities of QTL were not significantly different (p > 0.05) but nominally agreed with prior findings, having 20% more fiber quality QTL in the Dt subgenome than the At (Table 3) . For GH chromosome segments introgressed into GB background, we observed only a small and nonsignificant difference in the proportion of subgenome QTL (At = 46% and Dt = 54%). All individual fiber quality traits, except ELO, showed similar patterns of slightly higher contribution by the Dt subgenome. A higher proportion of ELO QTL from the At subgenome in both backgrounds is in accordance with a prior suggestion that positively selected A subgenome genes were enriched in long chain fatty acids and ethylene synthesis, and these gene families have been reported to affect ELO .
Similarity with Quantitative Trait Loci Reported Previously
Our experimental population provides a platform to identify novel small-effect QTL, with correspondence to prior reports providing one means of validation. We compared our results with populations of similar genome composition (Chee et al., 2005a,b; Draye et al., 2005; Yu, et al., 2013a ) and a total of nine QTL for ELO; three each for MIC, STR, and UHM; and one for UI were identified in similar genomic regions (within 10 cM of previously mapped QTL). Three QTL for STR and UHM were identified within physical regions that have been reported to harbor positively selected genes associated with QTL hotspots for fiber UHM and ELO. The remaining QTL that were not matched may be novel alleles.
Availability of a tetraploid reference genome enabled us to scrutinize physical regions surrounding the QTL for gene families known or suspected to affect fiber quality traits. This investigation was limited to tightly linked regions (50 kb on both sides of SNPs), for stable fiber QTL (identified in at least two environments) and QTL that matched previous reports in the same genomic regions (Supplemental Table S2 ). On chromosome A05, the nearest gene of interest to an ELO QTL was a C2HC zinc finger superfamily protein, a member of a gene family whose expression level at 11 d postanthesis has been reported to be highly correlated with UHM and which has been implicated in secondary cell wall thickening (Al-Ghazi et al., 2009 ). On chromosome D12, the nearest gene of interest to an UHM QTL was a Homeobox-7, a member of the Homeobox-leucine zipper protein gene family, which has been implicated in GA signal transduction to promote fiber cell elongation (Shan et al., 2014) . On chromosome D09, an leucine-rich repeat (LRR) receptor-like protein kinase gene was located near a STR QTL. The LRR receptor-like kinase genes are known to be expressed at specific fiber development stages with the highest expression during cellulose synthesis for secondary cell wall formation (Li et al., 2005) and have shown evidence of positive selection during cotton fiber improvement for quality and yield . On chromosome D08 near a UHM QTL that was common in both backgrounds, a basic helix-loop-helix DNA-binding superfamily protein was annotated that is differentially expressed at 15 and 20 d postanthesis stages of fiber development (Islam et al., 2016) . While it is premature to suggest the candidacy of these genes, improved genomic resources together with these new populations are expected to accelerate candidate gene identification and validation for many loci.
While GB often has been a source of alleles for improved fiber qualities, GH also retains a few favorable fiber quality alleles. The near-isogenic genome composition of this population provides opportunities to estimate more precisely the effects of fiber quality QTL but at the cost of power of epistatic QTL identification as a result of few segregating multi-locus combinations in the population of introgression lines. The reciprocal nature of this population results in identification of background-specific QTL. However, lack of common QTL in reciprocal backgrounds might be the result of comparatively lower coverage of donor alleles in one background, small QTL effect sizes, and epistasis. The parents used to construct this population are elite cultivars, which makes this an advanced base population that can be used to transfer favorable alleles between GH and GB cultivars. Moreover, this population also serves as a foundation from which to construct genome-wide near-isogenic lines to study divergence, domestication, and breeding of these Gossypium species.
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